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ABSTRACT 
New g lass-compos i tes wi th ion exchange propert ies have been deve loped . 
A m m o n i u m 1 2 - m o l y b d o p h o s p h a t e (AMP) (ΝΗ4)3ΡΜοΐ2θ4ο, and a m m o n i u m 12-
t u n g s t o p h o s p h a t e ( A W P ) ( N h U ^ P W i 2 O 4 0 , k n o w n for the i r ion e x c h a n g e 
capabi l i t ies, are inc luded either in pre formed aerogels with def ined pore s ize, or are 
added to sol-gel mix tures dur ing the process of gel fo rmat ion . Character izat ion is 
carr ied out by FTIR, Raman and EXAFS spectroscopy. Ion exchange capacit ies for the 
oxometa la te precursors are de te rmined for silver and rubidium and are compared to 
those of the glass composi tes. Glass composi tes show high ion exchange capacity, but 
some port ion of the metalate complexes leaches f rom the g lass dur ing the procedure. 
This is in contrast to thin composi te f i lms, which have almost no porosity and do not 
s h o w loss of meta la te . E X A F S spec t roscopy demos t ra tes that the oxometa la te 
micros t ruc ture is ma in ta ined in g lass compos i tes a n d that rub id ium ions after ion 
exchange in glasses occupy similar cation posit ions as in the precursor compounds . 
INTRODUCTION 
The combinat ion of di f ferent funct ional propert ies in g lass-based composi tes 
of fers great potent ial for the des ign of tai lored mater ia ls. Examples include sol-gel 
der ived g lass-organic composi tes , g lass- inc luded laser dyes, catalysts, and nonl inear 
opt ica l mater ia ls . 
In v iew of the increasing d e m a n d for s table, ion-select ive sensors we have 
in i t iated a p r o g r a m a imed at the des ign of ta i lored thin f i lms wi th se lect ive ion 
exchange capabi l i t ies . In combina t ion wi th highly sensi t ive acoust ic dev ices , it is 
env is ioned that inexpens ive , rugged ion sensors for p rocess and env i ronmenta l 
mon i to r ing c a n be d e s i g n e d . The concept is b a s e d upon the encapsu la t ion of 
oxometa la te c lus ters in porous , sol -gel der ived g lasses . The resul t ing mater ia ls 
c o m b i n e se lect ive ion e x c h a n g e s i tes wi th ta i lored poros i ty , such that u l t imately 
large f ract ions of unwanted spec ies (e.g. , o rgan ics , b io logical matter) are screened 
from the ion exchange sites. The fol lowing benefi ts are expected f rom this approach: 
The des ign of ion exchange composites a l lows independent ad justment of both ion 
select iv i ty th rough the cho ice of d i f ferent oxometa la tes , a n d porosi ty th rough the 
c h o i c e of so l -ge l c h e m i s t r y . F u r t h e r m o r e , the resu l t ing ino rgan ic f i lms are 
temperature stable up to at least 3 0 0 ° C and not subject to foul ing. 
Heteropoly oxometa la tes such as anions with the Keggin structure are known 
s ince the last cen tu ry , but their c rys ta l s t ruc ture w a s first so lved by Kegg in in 
1934. Figure 1 depicts the Keggin anion structure and a defect structure wi th one 
M 0 6 oc tahedron miss ing. These mater ials f ind numerous appl icat ions in catalysis, 
analyt ical chemis t ry and b iochemica l or medica l a reas . Thei r abil i ty to exchange 
their counter cat ion for alkali ions was first recognized by Smi t 1 and has since been 
used in co lumn chromatography and in paper chromatography. Keggin ions have been 
used to exchange alkali cat ions as well as radioactive pol lutants. General reviews are 
a v a i l a b l e . 2 - 3 · 4 » 5 
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Figure 1: Ideal ized Keggin structure XM12 (a) and defect Keggin structure X M n 
(b). The central XO4 te t rahedron is not shown . O a = oxygen shared by 3 
ΜΟβ and the central XO4 tetrahedron, Ob and O c * oxygen shared by 
corner and edge linked ΜΟβ. 0<j = terminal unshared oxygen 
Th is c o m m u n i c a t i o n repor ts on the des ign of 1 2 - m o l y b d o p h o s p h a t e and 12-
tungstophosphate ions encapsula ted in si l icate g lass bodies in bulk fo rm. FTIR, FT-
Raman , EXAFS, and ion exchange data demonst ra te the feasibi l i ty of creat ing intact 
intra-glass oxometa la te ions that are accessib le for ion exchange th rough the pore 
system of the matr ix. 
EXPERIMENTAL: 
1. Sample Preparation 
a) A m m o n i u m 12-mo lvbdophosphate (AMP) ( N H 4 ) 3 P M o i 2 0 4 o . Highest yield (82 -
9 5 % after work -up) is ob ta ined by s tepwise comb in ing s to ich iometr ic a m o u n t s of 
N a 2 M o 0 4 , H 3 P O 4 , and N H 4 N O 3 (in 0.1 Μ HNO3) under ac id condi t ions. 1 molar 
aqueous solut ions were added in a vo lume ratio 12:1:3 after acidi fy ing the sod ium 
mo lybda te so lu t ion wi th 13 Μ H N O 3 to pH 1.6. The sl ightly ye l low color of the 
mo lybda te tu rned to s t rong ye l low immedia te ly after addi t ion of phosphor i c ac id . 
Precipi tat ion of the a m m o n i u m salt occured prompt ly. 
b) A m m o n i u m 12-phosphotungsta te (AWP) ( N H 4 ) 3 P W 1 2 0 4 o . Sod ium tungstate is 
insoluble in ac id solut ions and forms a thick whi te precip i tate w h e n acid i f ied with 
H N O 3 . T h u s , 10 ml W O 4 2 - and 0.9 ml 1 Μ N a O H and 0.9 ml of 1 Μ H 3 P O 4 are 
comb ined , fo l lowed by addit ion of 2.5 ml ΝΗ4ΝΟ3 at pH 7 and acidif ication to pH 1.5. 
A W P precip i tates as a whi te sol id (yield 92%) . The cor responding whi te silver salt 
is prepared by adding A g N 0 3 before acidif ication (Yield 5 0 % ) . 
c) Assembly of A M P within pores of aerogels . To a slurry of 1g TEOS-der ived B2-
Aerogel (pore size 10-500 A) in 10 ml H2O, 4 ml of 1 Μ N a 2 M o 0 4 and 2 ml of 13 Μ 
Η Ν 0 3 are added . The slurry is st irred for 10 minutes before adding 0.33 ml of 1 Μ 
H 3 P O 4 , a n d finally, 1 ml of 1 Μ Ν Η 4 Ν Ο 3 . A green color result ing f rom reduct ion of 
the A M P was reversed to yel low upon add ing 2 ml 3 0 % H 2 O 2 . After f i l tration the 
yel low sol id was dr ied at 8 5 ° C . 
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d) Preparat ion of g lasses containing oxometalates 
H M P - G l a s s . 3 g of crystal l ine 12-molybdophosphor ic acid (H3PM012O40; HMP) and 
7.3 ml E tOH and 1 ml 0.1 Μ HNO3 and 7.3 ml T E O S and 2 ml 0.05 Μ N a O H are 
c o m b i n e d in this sequence (molar ratio of H M P : S i 0 2 = 1:20). The suspension was 
sonicated for 3 minutes and left at room temperature. After two days a greenish gel 
had formed. 
A M P - G l a s s . Synthetic A M P + T E O S + EtOH in a molar ratio of A M P : S i 0 2 = 1:20: 
S to i ch iome t r i c a m o u n t s of 1 Μ N a 2 M o 0 4 (40 ml) a n d 1 Μ H3PO4 (3 .33 ml) 
solut ions (at pH = 1.5, 6 ml 13 Μ HNO3) were comb ined . Water w a s evaporated at 
75 C to about half the vo lume (25 ml) until a yel low c loudiness indicated the start ing 
point for precipi tat ion. 14.6 ml T E O S were added to the w a r m , clear solut ion under 
s t rong st i r r ing, and immediate ly sto ichiometr ic amounts of NH4NO3 in ethanol were 
a d d e d (1.1 g in 1 ml 0.1 Μ HNO3 plus 14.6 ml E tOH) . A c loudy ye l low co lor 
appeared . Stirr ing was cont inued under slow cool ing of the slurry. A thick paste was 
fo rmed after 2 hours. After 1 day ethanol w a s part ial ly r e m o v e d by heat ing in a 
water bath. A hard, yel low glass formed. 
2, Characterization 
Metal contents of g lasses were determined by atomic absorpt ion. The samples were 
analyzed as-synthesized and after each subsequent t reatment by FT-IR in the form of 
KBr pel lets. For FT-Raman exper iments , a Spec t rum SL301 NdrYAG laser (1064 
n m , c a . 1.0 W) was focused on a 1-mm capi l lary conta in ing the powdered sample. 
Light col lect ion w a s done with a modi f ied Mat tson Polar is in ter ferometer , detect ion 
wi th an InGaAs detector (EPITAXX) . EXAFS measurements were peformed at the X-
11A beaml ine at NSLS (Brookhaven National Laborator ies) wi th an electron energy of 
2.5 G e V and ring currents be tween 90 and 180 mA. Data were co l lec ted wi th a 
Si (400) crysta l pair monochromato r at the Mo K-edge (20,000 eV) and at the W 
L| | | -edge (10 ,207 eV) at c a . 100 K. R u b i d i u m - e x c h a n g e d s a m p l e s were also 
e x a m i n e d at the Rb Κ edge (15,200 eV) . Data analys is w a s per fo rmed fo l lowing 
s tandard p r o c e d u r e s . 6 
3. Ion exchange 
Ion exchange was per formed on bulk oxometalates as well as on glass composi tes by 
adding stoichiometr ic or excess amounts of A g N 0 3 or R b N 0 3 in acid solut ions (e.g., 
500 mg A W P and 50 ml of 0.01 Μ R b N 0 3 in 0.1 Μ HNO3). Samples were st irred for 
c a . two hours in exchange solut ions, f i l tered and fur ther ana lyzed . Back-exchange 
capabi l i t ies w e r e e x a m i n e d on bulk oxometa la tes by add ing vary ing amoun ts of 
NH4NO3 in acid solution. 
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RESULTS AND DISCUSSION 
Bulk oxometa la tes 
Character ist ic modes of the M - 0 and P -0 vibrat ions appear between 200 and 1100 
c m - 1 in the IR and Raman spect ra . The main IR v ibrat ions at 1064, 964, 875, 795 
a n d 595 cnr r 1 of the molybdate ions, or, 1 0 8 1 , 990 /982 , 890, 805 and 535 c m " 1 
of the tungsta te ions are ass igned as the asymmet r i c P-O, M-Od ( O d - terminal 
o x y g e n s ) , a n d M-O-M v ib ra t ions acco rd ing to R o c c h i c c i o l i - D e l t c h e f f . 7 R a m a n 
spect ra show mainly the symmetr ic M-Od band around 1000 c m - 1 and a convolut ion 
of the symmetr ic P -0 and asymmetr ic M-Od band around 990 c m - 1 . 
Inclusion of Keggin ions in pre formed aerogel 
The preparat ion of oxometa la tes in pre formed g lasses resul ted in a loading of ca . 8 
w t % Mo in B2-aeroge l a n d a ye l low color ind icated fo rmat ion of A M P . The IR 
spect rum is shown in Figure 2. The sil ica support b locks out a region be tween 1350 
a n d ca . 1000 c m * 1 and obscures an even wider range in the IR. However , the main 
b a n d s of the K e g g i n ions ( 1 0 6 4 , 9 7 0 , 8 7 5 , 7 9 5 c m - 1 ) are sti l l v is ib le as 
super imposed peaks when compared with the precursor included in the Figure. 
tfανα1ength (urn) 
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Figure 2 : FTIR spect rum of the preformed aerogel with included ( N H ^ P M o O ^ in 
compar ison to the precursor 
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W h e n a part of this sample was washed with a smal l amount of water at room 
tempera tu re , the color c h a n g e d f rom ye l low to whi te a n d no Kegg in ions were 
detec tab le in the so l id . Heat t reatment in air up to 200 C w a s thought to favour 
condensat ion react ions be tween the aerogel and the Keggin ions. A similar washing 
procedure as above still reduced the molybdenum content, but left ca . 5 0 % attached to 
the so l id . Af ter a s u b s e q u e n t i on -exchange exper imen t w i th s i lver n i t ra te, all 
remaining mo lybdenum ions were found in the wash solut ion. 
Inclusion of Keggin ions during gellation 
To avoid or reduce the loss of molybdenum f rom supported samples upon washing, a 
d i f ferent s t rategy for encapsu la t ion of Kegg in ions w a s d e v e l o p e d : Oxometa la te 
c o m p l e x e s were synthes ized in the presence of sol-gel precursors for the si l icate 
matr ix. It was ant ic ipated that bot t leneck pores deve lope which restrict mobil i ty of 
the Keggin ions but render access for smaller cat ions. Several different g lasses were 
p r e p a r e d v a r y i n g in the so l -ge l rou te a n d / o r the Kegg in ion p r e s e n t . A 
representat ive IR spect rum is shown in Figure 3 (AMP in T E O S + EtOH) . The high 
loading of c a . 38 w t % of Mo al lows for ready detect ion of the Keggin vibrat ions which 
conf i rm that the Keggin structure is mainta ined in the g lass. The thermal stabil ity of 
this g lass w a s tes ted by heat ing up to 400 0 C in o x g e n . R a m a n spect ra of a 
r e p r e s e n t a t i v e e x p e r i m e n t are s h o w n in F igure 4 . It is c lear ly v is ib le tha t 
decomposi t ion occurs between 200 and 400 0 C. Aging temperatures were therefore 
restr icted to 200 0 C . 
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Figure 3: FTIR spectra of Ίη -s i t u " formed composi te T E O S + EtOH + 
(NH4)3PMo04o in compar ison to the precursor (NH4)3PMo04o and 
H3PM0O40 
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Figure 4 : FT-Raman spect ra of the thermal degradat ion of Ί η - s i t u " fo rmed 
composi te T E O S + EtOH + (NhUtePMoCUo. Wavenumbers are given (the 
laser line is at 9388 c m - 1 ) . Stokes shifts are as fol lows ( subscr ipts see 
Figure 1 9 : ) : 
(1) 989 c m * 1 : Mo-Od s y m m e t r i c s t re tch 
(2) 879 c m * 1 : M o - O b - M o asymmet r i c s t re tch 
(3) 600 c m ' 1 : M o - O c - M o symmet r i c s t re tch 
(4) 381 c m * 1 : M o - O - M o bend ing 
(5) 250 c m - 1 : M o - O a - M o symmet r i c s t retch 
* : N 0 3 -
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ion exchange 
The bulk oxometa la tes were ion exchanged wi th rub id ium a n d si lver by of fer ing 
s to ich iometr ic amoun ts of the cat ions at room tempera tu re . A M P , A W P and the 
respect ive si lver salt exchange under these cond i t ions 5 0 % of their ca t ions for 
rubud ium, whi le A M P and A W P exchanged only 12-15 % of their ammon ium ions for 
silver. However , a 1 0 0 % exchange is achieved upon offer ing excess of silver nitrate. 
W h e n silver salts of the molybdenum and tungsten Keggin ions were exposed to 
a m m o n i u m ions, back-exchange to the ammon ium form occured for A g M P up to 9 2 % 
and for A g W P up to 5 4 % in a 3 Μ NH4NO3 solution. 
T h e g lass c o m p o s i t e s e x c h a n g e d larger f rac t ions of the i r p r o t o n s or 
a m m o n i u m cat ions, e.g. , 12 - 7 6 % for Ag and 42 - 9 2 % for Rb. However , some 
leach ing of the o x o m e t a l a t e s w a s o b s e r v e d for al l d i f fe ren t p o r o u s g l a s s e s . 
Composi tes made with T E O S showed a loss of 30 - 5 8 % Mo or W, whi le glasses made 
f rom A2 solut ions (TEOS + EtOH ref luxed at 60 C for several hours) showed a loss 
f rom 1 6 - 3 5 %. The p re fo rmed aerogel lost up to 9 8 % after two success ive 
exchange cyc les. The loss of Keggin ions is effect ively suppressed in thin f i lms of 
simi lar compos i t ions which were found to be non-porous . Mul t icomponent g lasses 
which retain porosi ty even in thin f i lms are present ly s tud ied. 
E X A F S analysis 
EXAFS measurements were per formed on the bulk oxometa la tes as well as on glass 
compos i tes before and after ion exchange. E X A F S al lows to determine the local 
s t ruc ture a r o u n d the X-ray absorb ing a tom of cho ice and can prov ide de ta i led 
in format ion about bond d is tances, coordinat ion numbers and types of a toms in the 
nearest ne ighbor shel ls . Figure 5 shows Fourier t rans fo rmed mo lybdenum EXAFS 
da ta of the precursors A M P and H M P , over layed wi th the respect ive compos i tes 
fo rmed with these Keggin ions. A large peak indicating the oxygen environment of the 
molybdenum atoms is visible between 0.5 and 2 Ä (Bond distances appear at ca . 0.5 Ä 
to lower bond distances due to phase shift effects). The mean bond distances obtained 
f rom X-ray di f f ract ion are 1.70 A for the terminal o x y g e n s , 1.92 A for oxygens 
br idging the mo lybdenum oc tahedra , and 2.43 A for the oxygen l inked to the central 
phosphorus a tom. The second and third shells ar ise f rom Mo-Mo bonds at 3.42 A 
f rom edge-shared oc tahedra and at 3.70 A f rom corner -shared oc tahedra . It can 
clearly be seen that precursor and glass composi tes have the same local structure. A 
quanti tai tve analysis of these data is in progress. 
W h e n a H M P / T E O S composi te is analyzed after rubid ium exchange, the Mo-
edge EXAFS da ta do not show any sign of degradat ion (see Figure 6; the imaginary 
parts of the Fourier t ransformat ions are shown in addit ion to the magni tudes. The 
former give valuable informat ion about the nature of ne ighbors or over lap of peaks) . 
The rub id ium edge da ta show a large contr ibut ion a round 2.5 A (uncorrected for 
phase shift) wh ich indicates a R b - 0 interact ion, whi le the peak around 3.9 A arises 
f rom the R b - M o b o n d . Th is spec t rum is ident ica l to that taken f rom the bulk 
rub id ium phospho molybdate and indicates that the rubid ium ions occupy identical 
cation posit ions in both compounds. When fitted with adequate reference compounds a 
bond d is tance of ca . 4.4 A can be expected. To our knowledge the only complete 
determinat ion for cat ion posi t ions in Keggin ions is done wi th combined neutron- and 
X-ray diffraction by Brown et a l . 8 Their d istance of hydrated protons to molybdenum 
atoms agrees closely with the above observat ions. 
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Figure 5: Mo lybdenum EXAFS data : top: Fourier t ransformat ion of the precursor 
( Ν Η 4 ) 3 Ρ Μ ο · | 2 θ 4 ο data (solid line) as compared to the aerogel composi te 
broken ine) . Bo t tom: Fourier t ransformat ion of the precursor 
H3PM012O40 data (solid line) as compared to the T E O S composi te (broken 
l i n e ) 
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Figure 6: EXAFS data: top: Mo-edge Fourier t ransformation of the composi te T E O S + 
H3PM012O40 after Rb ion exchange. Bot tom: Rb-edge: corresponding Fourier 
t ransformat ion of the above composi te 
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This study shows that Keggin ions can be occ luded in glassy substrates with no side 
products , by either assembl ing the componen ts in the pores of p re- fo rmed g lass, or 
by in-situ fo rmat ion in precursor ge ls . In porous g lasses , ion exchange simi lar to 
bulk react ions is observed , and cat ions are shown to be coord inated to the metalate 
f ramework. These glass composi te offer a potent ial for the design of thin f i lms with 
ion exchange capabi l i ty. 
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